The principal optical constants n 01 Ko, n e , and K«, of the hexagonal crystal CdSe are determined in the wavelength region between 380 and 950 nm at room temperature. The minimum reflectivities and the corresponding Brewster angles of parallel polarized light are measured for ordinary and extraordinary rays in the wavelength region between 380 and 728 nm. At longer wavelengths (KO < 10" 3 ) Brewsterangle measurements and transmission measurements were applied. A plot of the absorption coefficients oto and <Xe versus wavelength indicates deviations from a direct band-gap parabolic absorption dependence.
Introduction
The hexagonal CdSe crystal is a direct-gap II-VI semiconductor of P6 3 mc (C 6v 4 ) space group and 6mm (Cfc,) point group symmetry (wurtzite lattice structure). 12 The optical indicatrix is uniaxial. Its energy gap is E g (0 K) = 1.841 eV = 14 838 cm' 1 = 674 nm at zero temperature and 1^(293 K) = 1.751 eV = 14 112 cm -1 = 708.6 nm at room temperature. 2 * 3 In the transparent near-IR spectral region, below the energy gap, the dispersion of the principal ordinary n 0 and the extraordinary index of refraction n e is well known. The optical birefringence, An = n e -n 0 , was determined with high accuracy mainly by interference measurements between crossed polarizers. 57 " The absorption behavior in the subgapfrequency region depends on the impurity content and on the charge compensation. Detailed absorption measurements at the band edge are reported in Refs. 11,12,15,16,18, and 19. There is little information about the optical constants of CdSe above the energy gap. 20 The principal refractive indices (n oy n e ) and the principal extinction coefficients (K^,, K^) of CdSe have been determined over a wide energy range from 0 to 10 eV by reflection measurement and the Kramers-Kronig analysis. 20 The determined dispersion of the optical constants confirmed the band-structure scheme of CdSe. [20] [21] [22] In thin CdSe films the anisotropy-averaged optical constants n and K have been measured in the visible and the near-IR spectral region. 23 *
25
The data were determined by transmission and reflection measurements. Band-gap data were extracted from the wavelength dependence of the extinction coefficient. 25 We determine the principal optical constants n 0 (k), Ko(X), n e (\), and K<,(\) of a Se-treated compensated CdSe hexagonal single crystal (from Cleveland Crystals Company) at room temperature. The wavelength region that we analyzed is between 380 and 950 nm. For A < 728 nm the absorption is high and the optical constants are determined from the minimum reflectivity of parallel polarized light i?j|, m i n and the corresponding angle of incidence <t> B (the generalized Brewster angle). The measurement technique was applied previously to isotropic strongly absorbing media; 26 Here the method is extended to the determination of the principal optical constants of optical uniaxial crystals. In our measurements on CdSe an accuracy of An In « ±0.003 and AK/K ±0.03 was achieved. For K > 728 nm the transmission becomes measurable and the optical constants are determined from normal-incidence transmission and Brewster-angle measurements. Above 800 nm our refractive-index results are compared with the published data obtained by refractive measurements. 45 The measured absorption spectra are discussed in terms of the band-structure scheme of CdSe. A detailed knowledge of the dispersion of the refractive indices is necessary for phase-dependent nonlinear optical processes such as second-harmonic generation. The refractive-index data of CdSe were needed in an analysis of the competition between resonant secondharmonic generation and two-photon absorption in CdSe where the resonant second-harmonic susceptibilities were determined. 27 
Experiment
The experimental arrangement for the oblique reflection measurements is sketched in Fig. 1(a) . Details of the setup are reported in Ref. 26 . A tungsten lamp is used as a light source. The light is polarized parallel to the plane of incidence with a Glan polarizer. The angle of incidence <}> to the CdSe sample S is varied with the rotation stage Rl. The rotation stage R2 directs the reflected light to the spectrometer SP. The spectral distribution of the reflected light is recorded with a diode array system (Tracor type DARSS). For calibration reference spectra are measured with a glass prism totally reflecting the incident light. The crystal size is 1 x 12 x 12 mm 3 . Its optical axis c is parallel to a 12-mm edge. The minimum reflection -Rji >min and its angle of incidence <$>B (the generalized Brewster angle) of parallel polarized light are determined and applied to the calculation of the optical constants.
The crystal orientations are indicated in Figs (The optic axis c is perpendicular to the plane of incidence.) The extraordinary optical constants n^ifa) and KQ^B) are determined with the arrangement in Fig. 1(c) . (The c axis is parallel to the crystal surface in the plane of incidence.) The principal extraordinary constants n e and Ke are calculated from the measured values of n^ifo), KOO(4>B)> rc 0 , and K" by applying the generalized Snell's law for absorbing media. [28] [29] [30] [31] [32] For k > 728 nm normal-incidence transmission measurements (T(\)] were carried out on a commercial spectrophotometer, and the Brewster angle <J>BU) was obtained by / ? i j > m i n determination with the experimental arrangement in Fig. 1(a) .
The reflection measurements probe the sample surface down to a thickness d P determined either by the penetration depth a 1 or by the light wavelength in matter kin, i.e., d P ~ min (a -1 , k/n). An adsorbed layer of d ad <z k thickness modifies the measured optical constants by a factor of ~ 1 + (n A -n^) (n -n ad)d a d/k> where n A « 1 is the refractive index of air and ra ad is the refractive index of the absorbed layer (Chap. 1.6 of Ref. 31 ). The modification is generally negligible. In our experiments we cleaned the crystal surfaces with isopropyl alcohol to exclude contributions from adsorption layers. . In this sense we measure effective optical constants averaged over the thickness d P .
Their deviations from the bulk values are thought to be small because d ex is still small compared with a -1 (« 90 nm at k = 500 nm) or k/n (~ 190 nm at k = 500 nm).
Theory
The extraction of the optical constants from the measurement of the minimum reflection of parallel polarized light R\\ tm i n at the generalized Brewster angle 6B and from normal-incidence transmission T and Brewster angle <| >B measurements is considered in the following.
A. Minimum Reflection of Parallel Polarized Light
The light reflection is determined by the Fresnel laws. [28] [29] [30] [31] [32] For parallel polarized light incident at an angle cf > to the crystal the reflectivity is 
, n = n -ik is the complex refractive index of the crystal, and n A is the refractive index of air. A dispersion formula for n A (k) is given in Ref. 35 ; n A = 1 is used in our calculations. The second equality of Eq. (1) is obtained by use of the generalized SnelPs law sin <( > = (n/n A )sin x, where x is the complex refraction angle.
The values n and K are determined from the minimum reflectivity J?u, m in at the generalized Brewster angle <J> B . For the c axis that is perpendicular to the plane of incidence [ Fig. Kb)] , i2||,mi n (<t>B) gives the ordinary refractive index n 0 and the ordinary extinction coefficient K,,. For the c axis that is parallel to the plane of incidence [ Fig. 1(c) ], -R||, m i n (4>B) gives the extraordinary constants n a o and K^, which depend on the angle <t> B . For the determination of the principal extraordinary optical constants n e and K*, the angle G B = TT/2 -<f> B ' between the optic axis c and the constant-phase propagation direction k' in the crystal has to be known [ Fig. 1(c) 
The absorption coefficient a is related to the extinction coefficient K by
where v = c 0 /v = 1/X is the wave number, where v is the frequency, c 0 is the vacuum light velocity, and X is the wavelength of light in vacuum.
B. Normal-Incidence Transmission and Brewster-Angle Measurement
In the case of small absorption (K < 10" 3 ) the Brewster angle <(> B is determined solely by the refractive index n 26 The minimum reflectance i?j|, m i n (<f>B) of parallel polarized light becomes small, and its absolute measurement becomes inaccurate because of scattering contributions. Therefore K is more precisely determined by normal-incidence transmission measurements.
The normal-incidence transmission through the sample is given by (p. 9 where the normal-incidence reflection R is
The refractive indices are determined by the procedure described in Subsection 3.A (<|> B measurement), and K is calculated from the transmission measurements by solving Eq. (13) numerically.
Results

(7)
The minimum parallel reflectivities i?n, m i n of the ordinary and extraordinary rays versus wavelength X are shown in Fig. 2 . In the long-wavelength region X > 730 nm a background reflection of JBjj « 4 x 10~4 was obtained for both crystal arrangements. This background level is assumed to be independent of wavelength and is subtracted for the calculation of the optical constants. The normal-incidence transmissions T are included in Fig. 2 . The generalized Brewster angles <f> B are displayed in Fig. 3 . The resulting dispersion of the principal refractive indices, n 0 and n e , is shown in Fig. 4 . The wavelength dependence of the principal extinction coefficients, Ko and i^, is displayed in Fig. 5 . The absorption coefficients, and a e , are shown by the solid curves in Fig. 6 . 
Discussion
The (J>B(X) curves (Fig. 3) and n(\) curves (Fig. 4) have a similar structure indicating that n is mainly determined by <1>B and only slightly influenced by R n, m i n . 26 The i?n, m in(M curves (Fig. 2) and K(X) curves (Fig. 5) also have similar shapes revealing the dependence of #|j,min on K. In Fig. 4 some published refractive-index data in the transparent spectral region are included. 45 ' 9 Our refractive indices agree within 8n = 0.03 with the reported data.
In our measurements three isotropic wavelength points (inversion points) at X « 825, 730, and 570 nm are observed where the refractive indices n 0 and n e are
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WAVELENGTH X (nm) equal. A crossing or touching of the n 0 and n e curves around 410 nm cannot be excluded. An inversion point at X = 735 nm (709.5 nm) was reported in Ref.
13 (14) . The birefringence data, n e -n 0J of Ref. 8 indicate an inversion point at 800 nm. The reported thin-film studies did not distinguish between ordinary and extraordinary optical constants. [23] [24] [25] The average n and K data agree qualitatively with our measurements. The optical constants determined by a Kramers-Kronig analysis over a wide energy range from 0 to 10 eV (Ref. 
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Even at room temperature, exciton transitions were identified in reflection measurements. 3 All the transitions are allowed for ordinary and extraordinary polarized light except the transitions El and A, which are allowed for only ordinary polarized light.
2139 ' 40 The binding energy of Se donors is 0.14 eV(* 1128 cm" 1 ). 2 In Fig. 4 The absorption below the band gaps El, E2, E3 is though to be due to free-exciton (A, B, C), 3 impurity-bound-exciton (7 1 Fig. 5 . The exponentially rising absorption is shifted by ~ 10 nm to longer wavelengths compared with our crystal results, which indicated a higher concentration of impurities or crystal defects in the crystal of Ref. 18 .
Neglecting impurity absorption and excitonic transitions, we expect the following frequency and wavelength dependences of the absorption and extinction coefficients for direct-gap semiconductors with parabolic bands 25 
8(^ -H
where i runs over the band transitions with k E j > k, ft and (V = fiihco are characteristic constants, and 0(jc) is the step function [6(jc) = 0 for x < 0 and 6(jc) = 1 for x > 0]. In Fig. 6 the dashed curves are calculated by fitting Eq. (15) to the experimental curves at 600 and 500 nm. The short dashed curves show the contributions of the El and E2 transitions, and the dash-dotted curves show the contribution of the E3 transition. The enlarged experimental absorption coefficients below 500 nm are thought to be a result of deviations of the involved bands from a parabolic shape (the change in the density of states).
Conclusions
The principal optical constants n 0i ^ n e , and of the uniaxial crystal CdSe have been determined in the strongly absorbing region above the valence bandconduction band energy gap by measuring the minimum reflectivity of parallel polarized light at the generalized Brewster angle. In the transparent subband gap region optical constants have been derived from normal-incidence transmission and Brewsterangle measurements. The applied special crystal orientations with the c axis perpendicular to the plane of light incidence (ordinary optical constants) and the c axis in the plane of incidence (extraordinary optical constants) permitted a separation of the principal optical constants from the measurements. The described method may be applied to the determination of the principal optical constants of any optical uniaxial crystal.
